Mice fed a semipurified, vitamin A-deficient diet (A-mice) and control animals fed the same diet with added retinyl acetate (A+ mice) were used to investigate the effect of vitamin A deficiency on primary immunoglobulin responses to protein antigens. At age 6 weeks, A-mice had serum retinol concentrations that were 46% of A+ controls. When immunized with a single antigen dose, these mice produced an antigen-specific IgM response equivalent to controls, but their IgG1 and IgG3 responses were sharply diminished (<30% of A+ controls). At age 8 weeks, A-mice had 20% of A+ serum retinol concentrations and <17% of A+ liver retinyl palmitate levels. Responding to a single antigen dose, A-mice produced "z70% as much IgM as A+ controls. Their IgG1 response was <30% and their IgG3 response <3% of A+ controls. The IgG1 response kinetics were identical in A-and A+ mice. Diminished serum antibody responses in Amice were attributable to fewer immunoglobulin-secreting plasma cells rather than to a decline in IgM or IgG secretion rate per cell. Total serum IgG3 levels, irrespective of antigen specificity, were slightly elevated in A-mice compared to A+ controls. The inefficient clonal expansion of responding B lymphocytes and contrasting impairment of IgM and IgG responses observed in vitamin A-deficient mice are discussed with respect to a possible helper/inducer-T-lymphocyte defect.
were also increased by vitamin A supplementation (5-7). Accompanying immune enhancement were elevated Lyt-1l T-lymphocyte numbers (4) and interleukin-2 production (8).
Immune enhancement occurred only when the vitamin supplement preceded antigen administration (5, 9) .
Conversely, vitamin A deficiency is associated with depressed immunity. Delayed hypersensitivity to a contact allergen (10) , natural killer cell activity (11) , and mitogen responses (12) were depressed during vitamin A deficiency. Similarly, decreased serum antibody responses occurred in animals with reduced serum retinol concentrations (10, (13) (14) (15) (16) (17) (18) (19) . Excepting Sirisinha et al. (17) , who studied IgA, and Smith et al. (10) , who studied IgM, investigators have not analyzed the effect of vitamin A deficiency on individual immunoglobulin isotype responses. In addition, the response kinetics have not been compared in vitamin A-deficient and vitamin A-sufficient animals.
To probe the cellular and molecular basis for the observed decline in cellular and humoral immunity, we developed a murine vitamin A deficiency model (10) . Three vitamin A deficiency states were defined in mice fed a semipurified diet devoid of vitamin A. Vitamin A-deprived mice, age 6 weeks, showed a 54% decline in serum retinol compared to controls. Vitamin A-deficient mice, age 8 weeks, had an 80% decline in serum retinol without signs of inanition. Severe vitamin A deficiency occurred together with inanition in 11-week-old mice.
We analyzed individual immunoglobulin isotype responses to new protein antigens. Results reported here show a striking differential effect of vitamin A deficiency. In vitamin A-deficient mice, the IgG1 and IgG3 responses were impaired earlier and to a greater extent than were IgM responses. The IgG response kinetics, like IgM response kinetics (10), were unaltered. Clonal expansion of antigen-responsive B cells was less efficient in vitamin A-deficient mice. We suggest that a functional helper-T-cell defect may account for our observations.
MATERIALS AND METHODS
Vitamin A-Deficient Mice. Vitamin A-deficient mice were produced as described (10) except that the diet was modified slightly; the diets used in this work are shown in Table 1 . The B10.BR mice were from The Jackson Laboratory, and B10.
LG breeding pairs were from F. Bach (Department of Pathology and Laboratory Medicine, University of Minnesota). Animals were housed as described (10) .
Chemicals and Media. Hen egg-white lysozyme, p-nitrophenyl phosphate, p-nitrophenyl B-D-galactopyranoside, Tween-20, and avidin-alkaline phosphatase were purchased from Sigma, and keyhole limpet hemocyanin and biotinyl-Eaminocaproic acid N-hydroxysuccinimide ester were from Calbiochem. Avidin-p-galactosidase was from Bethesda Research Laboratories. GIBCO supplied culture media and supplements; fetal bovine serum was from HyClone (Logan, UT).
Retinoid Analysis. High-performance liquid chromatography (20) , as modified by Smith et al. (10) , was used to quantitate serum retinol. Liver retinyl palmitate was extracted according to published methods (21, 22) ; retinyl acetate (50 ug/g of liver) was the internal standard. Ether extracts were evaporated to dryness under N2, redissolved in chloroform/methanol (2:1, vol/vol), and centrifuged (1000 x g, 10 min). A supernatant aliquot (200 pl) was evaporated and redissolved in 1 ml of acetonitrile, and 30 Atl was injected into the HPLC column as described (10 Immunoglobulin Synthetic Rate. A fraction of the splenocytes from the plaque assay were tested for antigen-specific immunoglobulin secretion. Immune or nonimmune splenocytes (3.8-30 x 106 cells per ml; 0.1 ml) were incubated on nitrocellulose filter discs (Millititer HA plate; Millipore) that had been coated with hemocyanin (100 gg/ml) and blocked with nonfat dry milk (5% wt/vol) in buffered saline (50 mM phosphate, pH 7.2/0.15 M NaCI). Nitrocellulose discs without hemocyanin and blocked with nonfat milk served as background controls. After a 3-hr incubation (370C, humidified 7.5% CO2 in air), discs were washed extensively with buffered saline containing Tween-20 (0.05% vol/vol). Biotinconjugated goat antibodies to mouse IgM (1 ug/ml) or IgGi (2 ,ug/ml) were added; plates were incubated (4 hr, 230C) and washed. Avidin conjugated to f-galactosidase (1:1000) was added. After 90 min at 230C, discs were washed, punched out, and incubated in p-nitrophenyl f-D-galactopyranoside (1 mg/ml in 50 mM phosphate buffer, pH 7.2/1.5 mM MgCI2). Finally, discs were removed and the absorbance at 405 nm was measured. Myeloma protein standards were run in parallel to quantitate bound immunoglobulin. Nonimmune mice yielded no detectable hemocyanin-specific immunoglobulin IgM or IgGi.
Statistical Analysis. Three to ten mice comprised each experimental group; experiments were repeated three times. The mean and standard deviation for replicates from each animal were used to calculate a mean and standard error of the mean for the group. Values for A-and A+ experimental groups were compared and the significance of differences was analyzed using the nonparametric Wilcoxon test (25) .
RESULTS
The animals were produced according to Smith et al. (10) . For mice fed a semipurified, vitamin A-deficient diet (Amice), serum retinol was 46% of the A-sufficient (A+) control value at age 6 weeks and 20% of A+ control at age 8 weeks (Table 2 ). Liver retinoid stores of A-mice were also depleted at age 8 weeks; A-liver retinyl palmitate concentration was <17% of A+ controls. These A+ and A-animals showed no signs of inanition; their body weights were matched and they consumed the same amount offood per day (10). Thus, results reported here can be attributed to vitamin A deficiency.
We studied the IgM, IgGi, and IgG3 responses to two model protein antigens, hemocyanin and lysozyme ( LG females; mice primed with lysozyme were pathogen-free B1O.BR females. The significance of differences between the A+ and A-groups is shown parenthetically. NS, not significant.
The hemocyanin-specific serum IgG1 response kinetics were identical in A+ and A-mice immunized with a single antigen dose. The A-mice produced less IgG1 antibody than did A+ controls throughout the primary response (Fig. 1) . The peak response for both groups occurred on day 15 . From results presented in Table 3 and Fig. 1 Some studies (15, 26) report elevated serum immunoglobulin concentrations accompanying vitamin A deficiency. We measured total serum IgM, IgG1, and IgG3 (irrespective of antigen specificity) in unprimed A+ and A-mice (Table 4 ). These were matched in mice at age 6 weeks (data not shown). Overall, the unprimed, pathogen-free animals had more serum IgM and less serum IgG than the pathogen-exposed animals. At age 8 weeks, IgG3 was increased almost 2-fold in the pathogen-free and pathogen-exposed A-mice compared to A+ controls, whereas their IgM concentrations were nearly identical. The pathogen-free A-mice had less serum IgG1 than controls. The total immunoglobulins with K light chains were slightly elevated in pathogen-exposed, A-mice compared to controls, but pathogen-free A-and A+ mice did not differ. We conclude that a moderate increase in serum IgG3 characterizes the unprimed vitamin A-deficient mouse, irrespective of pathogen exposure.
DISCUSSION
Vitamin A deficiency impairs the ability of animals to resist infectious disease (27) . Results presented here show that (15) and chicks fed a diet with suboptimal vitamin A (28) showed reduced agglutination responses to Salmonella pullorum bacterial antigens. Vitamin A-deficient rabbits (13) and rats (19) produced less serum hemolytic antibody when immunized with sheep erythrocytes. Finally, secreted intestinal IgA was reduced in rats cycled on a vitamin A-deficient diet followed by a retinoic acid-supplemented diet (17) .
Although antibody responses to new antigens were lower, total serum immunoglobulin concentrations were slightly elevated in A-mice exposed to pathogens (Table 4) . Elevated concentrations of total serum immunoglobulins have also been observed in vitamin A-deficient swine (15) , NZB mice (26) , and rabbits (13) . In contrast, other researchers reported normal levels of serum immunoglobulins in vitamin A-deficient rats (17) . We tested pathogen-free, A-mice; their total serum immunoglobulins matched controls. Thus, the dichotomy concerning total serum immunoglobulins in published reports can be attributed to differences in environmental pathogens to which animals were exposed.
The (Figs. 2 and 3) . A reduced number of antibody-secreting cells was also observed in vitamin A-deficient rats (16, 19 (29, 30) . This lymphokine is secreted by helper T lymphocytes responding to an antigenic stimulus. These T cells also secrete a second lymphokine, interleukin 2, which supports the growth of other antigen-responsive helper T cells (31) . We hypothesize that vitamin A deficiency adversely affects helper-T-lymphocyte function, perhaps by blocking T-cell differentiation leading to the synthesis and secretion of one or more lymphokines required for a strong immune response.
The observation that A-deficiency affects IgG responses earlier and more dramatically than IgM responses is consistent with our hypothesis. IgM production is much less dependent on interleukin 4 than is IgG production (29, 30) . We reported a decrease in T-cell-mediated delayed hypersensitivity (10) 
